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Abstract  —  Grid connected Photovoltaic (PV) systems are 
among the increasingly growing electric power generation units 
worldwide. The majority of new installations are expected to be 
residential PVs that are connected into distribution systems. 
However, the PV hosting capacity of low voltage (LV) grids is 
limited due to the voltage rise at the point of connection 
associated with the PV feed-in current. Reactive power 
management using PV inverters and using the electrical energy 
storage systems (EESS) are amongst the main solutions for 
increasing the PV hosting capacity in LV grids. In this paper, a 
method is developed in order to examine the effect of reactive 
power absorption by PV inverters on EESS capacity required for 
overvoltage prevention in LV grids. Simulations show that 
reactive power absorption can effectively decrease the EESS 
capacity. 
Index Terms — Energy storage, high PV penetration, 
overvoltage, reactive power.  
I. INTRODUCTION 
Photovoltaic (PV) is among the main renewable energy 
conversion technologies considered as an effective solution 
for replacing a part of conventional fossil fuel power stations 
by green energies. PV price reduction, which is the result of 
technological developments in solar cells manufacturing, the 
increase in fossil fuel and electricity prices, and governmental 
incentives all support the growth of PV installation in electric 
power systems.  Although large scale PV systems are utilized 
as an alternative to conventional power stations, trends show 
that the majority of new PV installations are residential and 
small scale PV units which require less investment and have 
shorter payback time [1]. These units normally have the 
capacity of less than 10 kWp and are connected to low voltage 
(LV) distribution grids [2].  
Despite all economic and environmental advantages 
associated with PVs, their effects on power systems, 
especially distribution grids, have to be thoroughly 
investigated. In general, the locations of these units cannot be 
controlled by DNOs and their output power is also stochastic 
and non-dispatchable. It is well-accepted that low PV 
penetration in the network can decrease the power loss in LV 
network; however, by increasing the adoption of residential 
PVs, concern regarding the reverse power flow in LV network 
is increasing. In addition to making problems in operation of 
protection systems, the reverse power flow can increase the 
voltage at some weak points of the network to an 
unacceptable value [3]-[6]. This voltage rise is one of the 
main limiting factors associated with increasing the PV 
penetration in LV networks [3], [7]-[8]. 
Different methods have been proposed to overcome the 
voltage rise problem in order to increase the PV penetration in 
LV grids. These methods can be divided into two main 
categories: first, limiting the amount of reverse power flow 
and second, compensating the impacts of this reverse power 
flow on the voltage. Prior can be carried out by means of 
using energy storage systems in order to store the excess 
energy generated by PVs and eliminate or limit the net 
injected power into the grid. In recent years, many researchers 
have investigated the advantages of using the energy storage 
and PV systems together [9]-[13]. Moreover, to prevent the 
overvoltage in the network, the effects of reverse power flow 
can be partly compensated by applying the methods used in 
voltage control of high voltage systems into the LV grids. 
Reactive power absorption by PV inverters is among the 
methods heeded by both researchers and system operators as 
an effective solution for overcoming the overvoltage 
problems. Because of the limitations in central control of 
reactive power, local reactive power control methods are 
widely investigated and applied in some LV grids [14]-[19]. It 
is worth mentioning that the distribution system 
characteristics differ from the higher voltage level; for 
example, the R/X ratio in distribution systems is much higher 
than that of transmission systems. As a result, applying the 
high voltage methods to lower voltage systems does not 
necessarily have the same effects.  
Although the reactive power absorption by PV inverters and 
energy storage applications for overvoltage prevention have 
been studied in some current literature, the effects of the 
reactive power absorption by PV inverters on energy storage 
capacity requirement for overvoltage prevention have not 
been analytically investigated. In this paper, a voltage 
sensitivity based method is proposed in order to evaluate the 
effects of applying local reactive power control on the 
capacity of energy storage units. The method is capable of 
modeling different PV penetration and load condition 
scenarios. The structure of the paper is as follows: the effects 
of reactive power on EESS is investigated in section II, the 
local reactive power management strategies are discussed in 
section III, the proposed method is illustrated in section IV 
and the simulation results are presented in section V. 
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Fig. 1. The thevenin equivalent of a PV system, storage and the 
local load connected to a typical LV grids. 
 
II. THE EFFECTS OF REACTIVE POWER ON EESS CAPACITY 
Voltage rise at the point of common coupling (PCC) is a 
well-known issue associated with active power feed-in by PV 
units. As mentioned before, reactive power absorption by PV 
inverters and EESS are two effective methods for preventing 
the overvoltage. To analysis the effects of these methods on 
overvoltage prevention, consider a PV system, storage and the 
local load connected to a typical LV grids. The thevenin 
equivalent of this system from PCC is shown in Fig. 1. In this 
figure, the Zth and Uth are the thevenin impedance and 
thevenin voltage, respectively, IPV is feed-in current of PV, Is 
is the storage current and IL models the local consumption, all 
in per-unit. The local voltage, UPCC, is determined by Uth, 
local generation and consumption. To simplify, suppose that 
Uth is fixed at 1 p.u. with a power angle of 0˚. The net feed-in 
current can be calculated by: 
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 (1) 
where Snf  is the net apparent power injected into the grid. 
By considering the active and reactive power and neglecting 
the power loss across the thevenin impedance, the Inf can be 
rewritten as: 
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U
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 (2) 
The voltage at PCC can be calculated as 
 th nfPCC thU U Z I    (3) 
Suppose that th th thZ R jX   . Thus 
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where Ud and Uq are the direct-axis and quadrature-axis 
components of the UPCC, respectively. The magnitude of UPCC 
can be calculated as in the following: 
 2 2Pcc d qU U U   (5) 
For most connection points in distribution systems, the 
2 2
d qU U  and the quadrature-axis term can be neglected 
[20]; therefore the magnitude of the voltage at PCC can be 
simplified as follows: 
 1Pcc th thU P R Q X      (6) 
According to the standards applied to LV grids, the voltage 
rise at the connection point should be limited to a special 
amount. Suppose that the maximum voltage rise is limited to 
1.05 per-unit; therefore: 
   0.05th thP R Q X     (7) 
The maximum active power injected into the grid without 
overvoltage occurrence is as follows: 
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 (8) 
If the PV penetration increases such that the injected power 
exceeds this value, the voltage will increase to an 
unacceptable level. To prevent the overvoltage, the EESS 
should be employed to store a part of generated PV power to 
limit the injected power into the grid. As the worst-case 
scenario, suppose that the load consumption is zero; then the 
EESS capacity can be calculated as follows: 
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PPV and QPV are active and reactive power generated by PV, 
respectively. It can be seen that without any reactive power 
absorption, the storage should curtail the injected power at 
lower level and the storage capacity will increase. In addition, 
the severity effect of reactive power management on the 
voltage depends mainly on X/R ratio; so in LV grid with 
lower X/R ratio, this effect is lower and vice versa. 
III. LOCAL REACTIVE POWER MANAGEMENT STRATEGIES FOR 
GRID VOLTAGE SUPPORT  
 
The local reactive power absorption methods can be divided 
mainly into three categories, namely, fixed power factor 
(fixed cos ), reactive power as a function of voltage in the 
connection point ( ( )Q U ) and power factor as a function of 
injected active power ( cos (P) ). These methods have simple 
architectures and they can be implemented in the PV inverters 
by using a fixed set-point or droop characteristics. The 
schematics of these methods are illustrated in Fig. 2.  
In ( )Q U  method, the voltage of the PV connection point is 
considered as the reference for the droop control. In this 
method, the reactive power absorption is implemented only 
 when the PCC voltage is high. As a result, the inverters do not 
absorb reactive power when the PCC voltage is not high and 
this reduces the loss caused by reactive power absorption in 
the system. However, in high PV penetration conditions, the 
inverters located near the transformer do not sense the 
overvoltage and not participate in reactive power management 
as effectively as possible [19].  
In the fixed PF method, the reactive power is proportional 
to the generated active power by PVs. In this method, 
regardless of the PV output, a fixed value is set as power 
factor and implemented into the controller. The drawback of 
this method is that during low PV generation time, the PV 
generation is consumed by local loads and the risk of 
overvoltage becomes low; however, the reactive power 
absorption is still applied and the grid loss may increase in 
this condition. To overcome this problem, the cos (P)  
method can be applied to the PV controller. In this method, 
the droop can be set to the values in such a way that during 
low PV generation, no reactive power absorption is carried 
out by PV inverters. In addition, the power factor and 
therefore, the reactive power are proportional to the generated 
active power.  
In general, these methods have the drawback that they can 
increase the power loss and the line’s congestion. In this 
paper, the main purpose is to examine the effects of reactive 
power absorption by PV inverters on EESS capacity and their 
effects on power loss are not considered. As a result, only 
fixed PF method is considered and simulated in the simulation 
results section. 
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Fig. 2. The schematics of the local reactive power absorption 
methods. 
IV. METHOD DESCRIPTION 
 
PV penetration can be defined in different ways such as 
total installed PV capacity compared with the peak load 
demand [3], total PV generation to total generation [2], etc. In 
this paper, PV penetration is defined as the number of 
customers with PV system to the total number of customer. 
The sensitivity analysis is used as an effective tool which 
requires less computational time than load flow calculations. 
By using a well-conditioned Jacobian matrix derived from 
power flow equations which are related to Newton–Raphson 
(NR) load-flow solution, the voltage sensitivity matrix can be 
extracted as in the following: 
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The bus voltage can be calculated as follows: 
 n n SV V V    (11) 
where VS is the voltage of the swing or slack bus. The level 
of voltage rise in LV distribution systems due to high 
residential PV penetration depends mainly on the net power 
injected into the grid by each customer located at that 
distribution grid. This remaining power depends on both PV 
generation and load consumption in bus n and it can be 
defined as follows: 
 , ,( ) ( ) ( )n PV n L nRP t P t P t   (12) 
PVP  and LP  are the PV generation and load consumption, 
respectively. By using (10), (11) and (12), the voltage profile 
of bus n can be determined as in the following: 
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In this equation, m is the total number of buses in the 
system and Qg(t) is the injected reactive power into the grid by 
local loads. QPV(t) can be determined based on the selected 
reactive power management method. In the fixed PF method, 
 cos( )PF c  , and tan( )Q P   , then (13) can be 
rewritten as follows: 
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where PPV,g(t) is active power  of PVs located at bus g.  
By adding special amount of EESS to the selected bus, the 
injected power into the grid will change. The required storage 
to curtail the RP at specific level P can be calculated as in the 
following: 
 
( )
( )
n
P
n n
RP t P
Storage RP t dt 

 (15) 
The minimum storage required to prevent the overvoltage 
can be calculated by solving the following equation: 
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V. SIMULATION RESULTS 
 
To examine the effect of reactive power absorption by PV 
inverters on EESS capacity, a typical low voltage feeder of 
Bornholm with 52 customers is selected for simulations, as 
depicted in Fig. 3. The feeder is supplied by one MV/LV, 100 
kVA, 0.4 kV Transformer. Simulations are carried out for 
different PV penetrations and for all cases, the power factor of 
PV inverters is considered as 0.9. The load profile for all 
customers is considered the same as shown in Fig. 4. The net 
injected active power into the grid differs due to the PV 
penetration. A typical remaining power curve and its related 
PV generation are also shown in Fig. 4. The slack bus voltage 
is considered to be fixed at 230V and the maximum voltage 
rise is limited to 5%. 
 
1
2
3
4 5 6
7
8
15 16
9
10
11
13
12
14
17
18 19 20 21 22 23
Slack
Bus
 
 
Fig. 3. Single-line diagram of the investigated low voltage grid. 
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Fig. 4. The net injected active power and its related PV generation 
and load consumption. 
 
Simulations show that the required EESS for overvoltage 
prevention is different according to the location of customers. 
The capacity is less for buses located nearer the transformer as 
they have less sensitivity to the active power. In addition, the 
reactive power absorption by PV inverters can decrease the 
EESS capacity. For example, the average EESS capacity in 
50% PV penetration without reactive power absorption is 4.4 
kWh; however, this amount is reduced to 2.2 kWh in the 
condition of reactive power absorption. It shows around 50% 
decrease in EESS capacity. In average, by reactive power 
management, the EESS capacity required for overvoltage 
prevention is decreased around 30 percent. 
VI. CONCLUSION 
In this paper, a voltage sensitivity based method was 
proposed in order to evaluate the effects of applying local 
reactive power control on the capacity of energy storage units. 
The method is capable of modeling different PV penetration 
and load condition scenarios. Simulations showed that the 
required EESS for overvoltage prevention is different 
according to the location of customers. The capacity was less 
for buses located nearer the transformer as they have less 
sensitivity to the active power. In addition, the reactive power 
absorption by PV inverters can decrease the EESS capacity. In 
average, by reactive power management, the EESS capacity 
required for overvoltage prevention was decreased around 30 
percent. 
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TABLE I 
EESS CAPACITY IN DIFFERENT PV PENETRATION CONDITIONS 
  
 
PV Penetration
(%) 
Capacity (kWh) per Customer Without 
Reactive Power Management  
Capacity (kWh) per Customer With 
Reactive Power Management 
Bus 3 Bus 7 Bus 17 Bus 23 Average Bus 3 Bus 7 Bus 17 Bus 23 Average 
100 0 6.3 25.8 35.7 19.1 0 3.8 21.7 30.6 15.7 
90 0 4.8 20.5 30.8 15.9 0 2.7 17.2 25.5 12.7 
80 0 3.3 16.2 25.7 12.8 0 2.1 12.9 20 9.8 
70 0 2.5 11.5 20.2 9.8 0 1.1 8.5 15.4 7.1 
60 0 1.7 7.6 14.6 6.9 0 0.6 5.4 9.8 4.5 
50 0 0.6 4.2 9.7 4.2 0 0.4 2.60 4.7 2.2 
40 0 0.2 1.5 4.2 1.8 0 0.1 0.3 0.8 0.3 
 
